SaPIs are molecular pirates that exploit helper bacteriophages for their own high frequency mobilization. One striking feature of helper exploitation by SaPIs is redirection of the phage capsid assembly pathway to produce smaller phage-like particles with T¼ 4 icosahedral symmetry rather than T¼ 7 bacteriophage capsids. Small capsids can accommodate the SaPI genome but not that of the helper phage, leading to interference with helper propagation. Previous studies identified two proteins encoded by the prototype element SaPI1, gp6 and gp7, in SaPI1 procapsids but not in mature SaPI1 particles. Dimers of gp6 form an internal scaffold, aiding fidelity of small capsid assembly. Here we show that both SaPI1 gp6 (CpmB) and gp7 (CpmA) are necessary and sufficient to direct small capsid formation. Surprisingly, failure to form small capsids did not restore wild-type levels of helper phage growth, suggesting an additional role for these SaPI1 proteins in phage interference.
Introduction
The SaPI family of Staphylococcus aureus pathogenicity islands (reviewed in Novick et al., 2010) is a closely related group of mobile genetic elements, most of which carry genes encoding toxic shock syndrome toxin and/or other superantigens. All SaPIs share a strikingly phage-like and modular genomic architecture that includes a core of conserved genes plus a variable complement of accessory genes. SaPIs are stably integrated at specific phage-like attachment sites in the S. aureus chromosome but can be mobilized at high frequency by helper phages. This exploitation of helper phages depends on SaPI-encoded functions that enable them to package their own DNA into the phage-encoded virions and to interfere with helper phage reproduction. Interference with phage growth can occur at various levels, including replication, assembly and DNA packaging. One striking feature of SaPI mobilization is the redirection of helper phage capsid morphogenesis to form transducing particles with smaller capsids, which can accommodate the smaller SaPI genome but not that of the helper phage (Ruzin et al., 2001) . In addition, SaPIs encode their own small terminase subunits that preferentially package SaPI DNA, as well as other factors that appear to interfere with phage DNA packaging (Ubeda et al., 2009) .
Molecular piracy involving capsid size redirection has been investigated previously in the case of satellite coliphage/plasmid P4, which similarly exploits the capsid self-assembly process of its helper phage, P2, for its own propagation and at the expense of helper phage growth (reviewed by Lindqvist et al., 1993) . P4 encodes Sid, an external scaffolding protein that redirects capsid assembly to produce T¼4 capsids (Barrett et al., 1976; Marvik et al., 1995) , which are about one-third the volume of the normal phage T¼7 capsids. These smaller capsids cannot accommodate a complete 33 kb P2 genome. While a still unidentified P4 function appears to be required in addition to Sid for full interference with P2 growth, interference correlates with the percentage of small capsids formed (Nilssen et al., 1996) . Furthermore, P2 size responsiveness (sir) mutants, which are resistant to Sid-mediated size determination, fail to form small capsids and exhibit normal phage growth (Six et al., 1991) , consistent with capsid size determination functioning as the major interference mechanism in this system.
Temperate phage 80a, a double-stranded DNA bacteriophage belonging to the Siphoviridae, can act as a helper for the mobilization of several different SaPIs, including SaPI1, SaPI2, SaPIbov1 and SaPIbov2 Novick et al., 2010) . The 80a virion consists of a 63 nm, T¼7 icosahedral capsid and a 190 nm long non-contractile tail with an elaborate baseplate and six tail fibers The transducing particles assembled in the presence of both SaPI1 and SaPIbov1, which have a tail morphologically identical to that of 80a but a smaller capsid, are comprised of proteins encoded by the helper phage (Tallent et al., 2007; Tormo et al., 2008) . Two SaPIbov1 proteins, originally designated Cp1 and Cp2, were implicated genetically in determination of small capsid size (Ubeda et al., 2007) , and have now been renamed CpmB and CpmA, respectively, for their roles in capsid morphogenesis (Dearborn and Dokland, 2012) . The equivalent two SaPI1 proteins, gp6 (CpmB) and gp7 (CpmA), were found to be associated with SaPI1 procapsids (Poliakov et al., 2008) . Icosahedral reconstruction of SaPI1 procapsids confirmed the expected T¼4 symmetry and revealed internal finger-like densities absent from the larger T¼7 80a procapsid, suggesting the presence of a SaPI1-encoded internal scaffold . SaPI1 CpmB forms dimers that fit into these densities, where they appear to connect capsid protein subunits between adjacent capsomers on the inside of the SaPI1 procapsid . Furthermore, this gene product was required for efficient formation of small capsids, consistent with its role as an internal scaffold during capsid size determination .
In this study we investigate more fully the relationship between capsid size redirection, interference with 80a growth and high frequency transduction of SaPI1. Here we show that SaPI1 CpmA and CpmB are both necessary and sufficient for capsid size redirection-no additional SaPI proteins are required to effect assembly of small capsids. We also demonstrate that capsid size redirection is sufficient to cause interference with 80a growth. However, elimination of capsid size determination does not relieve helper phage interference, indicating an additional role for CpmA and CpmB in the interference process. We also confirm previous reports with other SaPIs that suggested that high frequency transduction is not dependent on capsid size redirection.
Results

CpmA and CpmB are both necessary for the formation of small capsids
In-frame SaPI1 deletion mutants (Table 1) were generated by allelic exchange in the SaPI1-positive 80a lysogenic strain RN10628, as described in Materials and Methods. Cryo-EM analysis ( Fig. 1 ) of CsCl-banded particles formed by the SaPI1
DcpmA mutant (ST98) showed that deletion of cpmA completely eliminated the formation of small capsids, similar to what was observed in the double deletion mutant ST126, lacking both cpmA and cpmB ( Fig. 1B,D) . The SaPI1 DcpmB mutant (ST100), in contrast, produced a mixture of 65% large (63 nm; T ¼7) and 25% small (47 nm; T¼4) capsids and a distribution of nonisometric particles that did not conform to T¼4 or T¼7 symmetries Fig. 1C ). The aberrant capsids were mostly prolate, although some oblate particles were also observed. Deletion of SaPI1 cpmB thus considerably reduced the number of small capsids, and also affected the fidelity of capsid formation.
Procapsids form as intermediates during normal phage production. Although their concentration is low compared to mature virions, they are present in lysates and can be separated from mature virions on CsCl and sucrose gradients. Cryo-EM of the procapsid fraction from ST98, carrying the SaPI1 cpmA deletion, showed 51-nm-diameter rounded particles ( Fig. 2A ), similar in appearance to regular 80a procapsids . Mass spectrometry analysis confirmed that SaPI1 CpmB was present in these procapsids (data not shown). To improve the procapsid yield for further analysis, we generated mutants in which procapsids accumulate, by deletion of the 80a and SaPI1 small terminase subunit (terS) genes (Poliakov et al., 2008) . Strains ST116 and ST117 carry deletions of SaPI1 genes cpmB and cpmA, respectively, in addition to the deletion of the 80a and SaPI1 terS genes. In both cases, only large procapsids were observed. The SaPI1 DcpmA procapsids (ST117) contain CpmB, which is apparent by Coomassie-stained SDS-PAGE, whereas SaPI1 DcpmB procapsids (ST116) contain no CpmB. Instead, a band at the expected size for CpmA is apparent (Fig. 2B) . The presence/absence of CpmA and CpmB in these procapsids was also confirmed by mass spectrometry analysis. This indicates that CpmA and CpmB can each be incorporated independently into large procapsids, and also confirms that neither deletion mutant impairs production of the other protein. Individually, neither protein was sufficient to efficiently alter capsid size.
CpmA and CpmB are sufficient for capsid size redirection
Analysis of the deletion mutants showed that SaPI1 requires the actions of both CpmA and CpmB to direct the formation of Table 1 Strains and plasmids used in this study.
Strains
Description Reference
RN4220
Restriction-defective, phage free strain Kreiswirth et al. 1983 RN10616 RN4220 (80a is an independent isolate of strain ST27 described in Ubeda et al. (2009) small capsids. In order to ascertain if CpmA and CpmB are the only SaPI1 genes required for capsid size redirection, we analyzed strains in which cpmA and cpmB were inserted individually or as a pair directly into the 80a capsid gene cluster between orf44 (minor capsid protein) and orf46 (scaffolding protein). In this location, the SaPI1 genes are co-expressed with the structural genes for the 80a virion. As with the deletion mutants, CsClbanded particles in lysates resulting from induction of these strains were examined by cryo-electron microscopy (Fig. 3 ). Insertion of cpmA (ST97) yielded primarily large capsids, although a small number ( $ 3%) of small capsids were also found in lysates generated from this mutant (Fig. 3B ). This is significant, as it suggests that the action of CpmA alone is sufficient to alter capsid geometry but it cannot efficiently promote the small capsid assembly pathway. Insertion of SaPI1 cpmB (ST99) had no effect on capsid size; all observed particles displayed the larger 80a morphology ( Fig. 3C ). Insertion of both cpmA and cpmB (ST82) caused the formation of small capsids at levels similar to those found for wild-type SaPI1 (Fig. 3D ). Thus, SaPI1 CpmA and CpmB together are necessary and sufficient for SaPI1 capsid size redirection.
Helper phage interference can occur independently of small capsid formation
It was anticipated that redirection of capsid size would lead to interference with helper phage propagation, since complete phage genomes cannot be packaged into the smaller capsids assembled in the presence of SaPI1. This does appear to be the case. The phage titer obtained by induction of a lysogen carrying an insertion of SaPI1 cpmA and cpmB in the 80a capsid gene cluster is reduced by five orders of magnitude (Table 2 ). The residual phage titer is attributable DcpmA particles (cpmB þ ; ST98). Several particles that appear to be partly filled with DNA are indicated by the arrows. (C) Cryo-EM and size distribution plot of SaPI1 DcpmB particles (cpmA þ ; ST100). One particle of each different type is indicated: sf, small full capsid; lf, large full capsid; se, small empty capsid; le, large empty capsid; a, aberrant shell. (D) Cryo-EM and size distribution plot of SaPI1 DcpmAB particles (ST126). The scale bars represent 100 nm. The number of particles counted (n) is shown for each plot. to spontaneous mutations affecting these two inserted SaPI1 genes. Initial analysis of several individual plaques indicates that these are either mutants that have deleted the cpmA and cpmB genes or carry point mutations in cpmB. Importantly, the isolation of point mutations in cpmB that restore the plating of an 80a mutant carrying the cpmAB insertion (EAW and GEC, unpublished) demonstrates that the block to plating by the insertion mutant is not due to an inability to package the slightly larger phage genome. Insertion of cpmA alone or cpmB alone did not interfere with helper phage production.
Deletion of both cpmA and cpmB from SaPI1 eliminated interference, consistent with previous observations (Ram et al., submitted for publication; see also Table 2 ). However, in contrast to the lack of interference exhibited by the 80a cpmA or cpmB insertion mutants, SaPI1 carrying a deletion of either cpmA or cpmB still exhibited normal levels of interference (Table 2) . These mutants interfere even though they fail to make small capsids. This result indicates that while CpmA and CpmB are both necessary and sufficient for small capsid formation and for interference by SaPI1, interference cannot be accounted for solely as a consequence of small capsid formation. To test whether an additional SaPI1 gene product might be contributing to the ability of CpmA or CpmB to cause interference, we introduced SaPI1 DcpmAB (which would provide all other SaPI1 functions) into 80a lysogens carrying cpmB or cpmA insertions. These two strains, ST168 and ST169, showed the same lack of interference observed with the 80a cpmA and cpmB insertions alone (Table 2) . Thus, no other SaPI1 genes appear to play a role in helper phage interference.
High frequency SaPI1 transduction was not dependent upon small capsid formation. The transduction frequency was not impaired by deletion of cpmA, cpmB, or both (Table 2 ). In fact, the cpmA deletion and the double deletion consistently exhibited a transduction frequency about 10-fold higher than the wild-type or the cpmB deletion mutant. This indicates that SaPI1 DNA can be efficiently encapsidated in large capsids in the absence of small ones and also that CpmA may have an inhibitory effect on SaPI1 mobilization.
Discussion
These studies provide new insights into the functional roles of SaPI1 CpmA and CpmB in capsid size determination. Previous genetic studies had implicated homologs of these proteins in size determination by SaPIbov1 (Ubeda et al., 2007) , and together in interference (Ram et al. , submitted for publication), but their relative contributions had not been addressed. In SaPI1, both proteins had been identified as structural components of the procapsid, and in the case of CpmB, as an organized part of the SaPI1 procapsid structure Poliakov et al., 2008) . The particles produced in the absence of CpmB were a mixture of 63-nm T¼ 7 capsids, 47-nm T¼4 capsids and a distribution of non-isometric particles between T ¼7 and T¼4, suggesting that CpmB is involved in the fidelity of capsid size determination but is not the sole determination factor . Deletion of cpmA, in contrast, completely abolishes the SaPI1 capsid size determination pathway, producing only 80a-sized virions (and 80a-sized procapsids). Procapsids isolated from either the cpmA or cpmB deletion mutant contained the other protein.
These results indicate that capsid size determination requires both CpmA and CpmB. This requirement does not simply reflect a need for both proteins in order for them to associate with procapsids, since each was found associated with the procapsid fraction in the absence of the other. Our model for SaPI1 capsid size determination is that CpmB functions as an internal scaffolding-like protein that promotes efficient redirection of capsid size driven by the action of CpmA . Insertion of SaPI1 cpmB alone into the 80a capsid gene cluster failed to induce any change in capsid size while insertion of SaPI1 cpmA resulted in the formation of a few small SaPI1-sized virions, suggesting that CpmA is able to alter capsid size, but that CpmB is necessary for it to do so efficiently. We believe that the role of CpmA may be to reorganize or disrupt the normal scaffold made of 80a gp46. Inserting both SaPI1 cpmA and cpmB restored size determination to levels found in wild-type SaPI1, supporting the conclusion that these two proteins function in concert and also demonstrating that they are sufficient for SaPI1 capsid size determination.
These studies uncovered an unexpected role for SaPI1 CpmA and CpmB in the mechanism of phage interference. While the exact mechanism of SaPI1 phage interference is unknown, it seemed likely that capsid size determination would be the major contributing factor. Consistent with this prediction, insertion of cpmA and cpmB into the 80a genome led to formation of small capsids and interference with phage growth, and deletion of cpmAB from SaPI1 led to loss of both small capsids and phage interference. However, unlike P4 interference, where the yield of helper phage P2 was proportional to the capsid size distribution (Nilssen et al., 1996) , the ability of SaPI1 to interfere with 80a did not correlate directly with capsid size. SaPI1 mutants deleted for cpmA or cpmB individually were defective in small capsid formation but reduced helper phage growth to the same extent as wildtype SaPI1, indicating that small capsids, per se, were not the cause of interference. This suggests a second, direct role for CpmA and CpmB in interference that remains to be elucidated.
An unexpected observation was the discrepancy in interference seen when comparing the individual cpmA and cpmB insertion and deletion mutants. In contrast to the interference seen in the SaPI1 cpmA or cpmB deletion mutants, the presence of cpmA or cpmB within the 80a late gene cluster was not sufficient to interfere with helper phage growth. One possible explanation for this difference could be a contribution to helper phage interference by an additional SaPI1 gene product, perhaps in conjunction with CpmA or CpmB. To address this possibility we evaluated strains carrying a SaPI1 DcpmAB mutant in the context of an 80a lysogen with a cpmA or cpmB insertion. These strains, which should express all SaPI1 functions other than CpmA and CpmB, failed to recapitulate the interference seen in the individual SaPI1 deletion mutants. This argues against the involvement of any additional SaPI1 functions We speculate that the observed inconsistency between the insertion and deletion mutants is likely due to a difference in the temporal regulation or expression levels of cpmA and cpmB when inserted into the capsid gene cluster in the 80a genome, so that they do not recapitulate levels required for interference. Consistent with this interpretation is the observation that cpmA alone leads to the formation of small and aberrant particles with a much higher efficiency when the gene is present on SaPI1 (in the DcpmB mutant) than when it is present in the 80a lysogen (compare Figs. 1C and 2B ). Despite this difference in expression, however, levels of CpmA and CpmB from the genes inserted in 80a are sufficient for their morphogenetic role in capsid size determination.
This study also supports previous work indicating that high frequency transduction (HFT) of SaPIs does not depend on capsid size redirection. Similar to what was reported for deletion of the corresponding two genes in SaPIbov1 (Ubeda et al., 2007) , deletion of cpmA or cpmB (or both) does not impair SaPI1 HFT. In fact, SaPI1 carrying a deletion of cpmA, either alone or in combination, consistently exhibited transduction frequencies significantly higher than wild -type SaPI1. This suggests that cpmA might contribute to interference with DNA packaging. We also confirmed the observation of Ram et al. (submitted for publication) that the double deletion mutant completely uncouples interference and high frequency transduction; this mutant yields wild-type levels of helper phage as well as high frequency transduction of SaPI1. This indicates that the availability of capsid precursors is not a limiting factor during phage replication in the presence of SaPI1 and that there is no apparent competition between SaPI1 and 80a DNA for packaging into the large virions made by this mutant. The high degree of conservation of cpmA and cpmB among SaPIs despite the fact that they appear to be dispensable for high frequency transduction suggests that assaying a single round of SaPI transfer does not adequately address the dynamics of competition between SaPIs and their helper phages at a population level, where interference with phage growth must provide the SaPIs with a selective advantage.
Materials and methods
Strains
Bacterial strains and plasmids used in this study are listed in Table 1 . All S. aureus strains are derivatives of the phage-cured, restriction-defective strain RN4220 (Kreiswirth et al., 1983) . Genetic manipulations were carried out in Escherichia coli DH5a (Invitrogen) and plasmids were then introduced into S. aureus by electroporation. S. aureus strains were grown on GL agar or in CYGP broth (Novick, 1991) . E. coli strains were cultured in LB broth or on LB agar plates, supplemented with ampicillin (100 mg/ml) as required.
DNA manipulations
General DNA manipulations were carried out using standard methods (Sambrook et al., 1989) . Restriction endonucleases, DNA ligase and Phusions DNA polymerase were purchased from New England Biolabs (Ipswich, MA) and used as recommended by the supplier. Plasmid DNA isolation, PCR product purification and extraction of DNA from agarose gels were performed using appropriate kits from Qiagen (Valencia, CA). Primers were obtained from Integrated DNA Technologies, Inc (Skokie, IL) or Macrogen (Rockville, MD) and sequencing was performed by ACGT, Inc. or Eurofins MWG/Operon.
Construction of SaPI1 deletion and insertion mutants
Plasmid-borne mutations were introduced into the 80a lysogenic strain RN10616, its SaPI1-containing derivative RN10628, and the double small terminase deletion mutant ST63 by allelic exchange using derivatives of pMAD (Arnaud et al., 2004) , as described previously (Poliakov et al., 2008) . Fragments carrying the mutant alleles and flanking DNA were generated by PCR amplification with primers containing the regions of interest and appropriate restriction sites; primers for each construct are listed in Table S1 and restriction sites are underlined. For deletion of cpmA, two flanking primers and two complementary overlapping SOEing primers were used. For insertion constructs, three DNA fragments with overlapping complementary ends were generated by PCR and used in a final reaction with the outside flanking primers. Two of these reactions generated fragments of 80a DNA flanking the insertion point (plus a small bit of SaPI1 DNA), while the third reaction amplified the region of SaPI1 to be inserted (plus a small bit of 80a DNA). All inserts were verified by DNA sequencing. Strains ST168 and ST169 were constructed by transducing SaPI1 DcpmAB from ST126 into ST99 and ST97, respectively.
Plaque and transduction assays
For induction of lysogens in the SaPI1 deletion strains, overnight cultures were inoculated in CYGP broth at an initial density of Klett¼10 and grown to K ¼100. One milliliter of this culture was then added to 9 ml of 1:1 CYGP:phage buffer (Novick, 1991) with 2 mg/ml mitomycin C and incubated at 32 1C with shaking until lysis. Lysogens carrying insertions of SaPI1 genes in the 80a prophage were induced by UV irradiation: a 10 ml CYGP culture was grown to K ¼30, spun down, resuspended in 5 ml phage buffer and exposed to UV light (70 J/cm À 2 ) for 20 s. CYGP (5 ml) was then added and the culture was incubated at 32 with shaking until lysis. Lysates were sterilized with 45 mM Millipore filters. Aliquots (100 ml) of serial dilutions of lysate in phage buffer were incubated with 100 ml of RN4220 for 15 min at room temperature and then plated in 3 ml phage top agar on phage agar plates (Novick, 1991) for plaque assay or spread on GL agar plates supplemented with 0.17 mM Na citrate and 5 mg/ml tetracycline to measure SaPI1 transducing particles. Values reported are the average and standard deviation of at least three independent determinations.
Characterization of phage and SaPI1 particles
All S. aureus strains carrying 80a lysogens and SaPI1 derivatives were grown in CY broth at 32 1C and induced by the addition of 2 mg/ml mitomycin C. The particles were purified by PEG precipitation, chloroform extraction and banding on CsCl gradients, and ST98 procapsids were further purified on 10-40% sucrose gradients and concentrated as previously described . Samples for cryo-EM were applied to C-flat holey films, flash frozen, transferred to a Gatan 626 cryo-specimen holder and observed in an FEI Tecnai F20 electron microscope operated at 200 kV at a magnification of 62,000 Â with typical defocus values from 0.8 to 2.4 mm (Dokland and Ng, 2005; Dokland and Ng, 2005; Spilman et al., 2011) . Images were collected on a Gatan Ultrascan 4000 CCD camera or on Kodak SO-163 film and the size distribution of particles was quantitated by measuring the capsid diameter for each particle along the longest axis and an axis perpendicular to it.
